This paper reviews the literature on the relationship between climate and the energy sector. In particular, we primarily discuss empirical papers published in peer-reviewed economics journals focusing on how climate affects energy expenditures and consumption. Climate will affect energy consumption by changing how consumers respond to short run weather shocks (the intensive margin) as well has how people will adapt in the long run (the extensive margin). Along the intensive margin, further research that uses household and firm-level panel data of energy consumption may help identify how energy consumers around the world respond to weather shocks. Research on technology adoption, e.g. air conditioners, will further our understanding of the extensive margin adjustments and their costs. We also note that most of the literature focuses on the residential sector. Similar studies are urgently needed for the industrial and commercial sectors.
Introduction
This paper reviews the literature on the relationship between climate and the energy sector.
The energy climate relationship is interesting as it is a great example of a feedback effect. The causal link from emissions due to the combustion of fossil fuels to deliver energy services to climate change is well established. However, hotter summers and warmer winters will change energy consumption and production patterns. A similar feedback mechanism is hypothesized in land use (Pielke et al., 2002) . There are several ways in which climate may affect energy consumption. In the residential, commercial and industrial sectors one would, in a warmer world, expect higher cooling demand, which would lead to increased electricity consumption.
On the other hand, fewer cold winter days would result in decreased heating demand, which would drive down natural gas, oil and electricity demand. These are all demand side effects.
On the supply side, one would expect increased use of natural gas on hot days, as some power plants become less efficient as well as higher natural gas consumption for generation due to higher electricity demand. During the winter, there might be a decrease in natural gas demand for generation due to lower electricity demand.
In this paper we survey the literature containing empirical papers published in peerreviewed economics journals focusing on how climate, which is generally defined as a long run average of weather, affects energy expenditures and consumption. Most of the studies we found focus on electricity consumption in the residential sector. The coverage of the commercial and industrial sectors as well as studies on other fuels is most sparse. For example, we could not locate any empirical peer-reviewed economics papers on the effect of climate on energy supply.
The empirical estimates of climate sensitivity of the energy sector are typically used to predict the cost of climate change adaptation. Climate models predict a range of changes to temperature, precipitation, and other climate measures. Most models predict a significant increase in global average temperatures by the end of the current century for scenarios close to a business as usual emissions path (IPCC SRES Scenario A1fi) or a slightly more optimistic emissions path (A2). Auffhammer et al. (2013) provide a detailed discussion of climate models and their use in the social sciences. Overall one expects that people heat less and cool more. This change in behavior will have both an intensive and extensive margin component.
With regards to the intensive margin, several papers examine the short run response to weather shocks. A common finding in this literature is that usage patterns of existing capital, such as air conditioners, changes in response to climate change. Over time, however, we posit that people will respond to climatic change along extensive margins. They may change purchasing decisions of appliances, switch fuel sources, and even building characteristics. In general, economists know less about these extensive margin adjustments than the intensive ones. While research shows that future generations will likely own more air conditioners, this is due to both price and income effects (Wolfram et al., 2012) . There is a nascent literature examining the weather and climate response of air conditioner adoption (e.g. Auffhammer, 2012 Auffhammer, , 2014 .
The questions that researchers will continue to face include: How will climate change affect peoples' energy expenditures, choice of fuel sources, and buildings? How will people adapt to a new and continuously changing climate? What will be the transitional costs of adapting? Much of the uncertainty over the energy costs associated with climate change will inevitably depend on the future income distribution and technologies. Nonetheless, economists have made some progress in studying two complementary issues: first, how energy choices differ among households and firms located in different climates; and second, how a given consumer responds to weather shocks. From a policy perspective, studies of the intensive margin and extensive margin adjustments speak to different, yet relates, policy measures. If one is interested in short run reductions of weather driven energy demand (e.g. peak load) information campaigns, peak pricing and direct load control may be effective ways to achieve reductions in consumption. If one is interested in controlling the extensive margin adjustment, efficiency standards, rebates for efficient appliances and insulation may be more effective. While we do not speak to policy in this paper directly, this is an interesting dichotomy. Below, we review this literature, discuss where the literature could head, and outline the policy implications.
To address this question, the ideal data set would provide information on how a given household consumes energy in randomly assigned climates, all else equal. Unfortunately, this perfect experiment is not feasible as people sort into their preferred climate. One could imagine trying to identify how consumers adapt to climate three different ways. One is to look at how a given household's consumption changes when it relocates to a new climate.
For example, how do military families' energy expenditures change when they are relocated to a new climate? This approach raises identification concerns regarding the reason why people move, and why they chose a new housing type. No paper has attempted to explicitly deal with the sorting approach to our knowledge.
A second approach that some economists use is to look at the cross-sectional variation in climate. Namely, if there are two seemingly identical households that are located in different climatic zones, one can then look at how their energy choices differ and ask whether these differences are correlated with climate differences. The main concern with this approach is that estimates are subject to omitted variables bias: unobservable differences in households may be correlated with climate. For example, Albouy et al. (2012) find northern households to be less heat-tolerant than southern households. Another issue with looking at crosssectional data is that we do not get an appreciation of the transition costs of fully adapting to a new climate.
The third approach uses panel (or simply time series) variation to examine how energy consumption responds to weather shocks. Recent studies of this reduced-form, short run response include Deschênes and Greenstone (2011) and Auffhammer and Aroonruengsawat (2011, 2012b) . These estimates could overstate the damages of climatic change since households can adapt to a gradually changing environment in ways that they would not adapt to short-run weather shocks (Deschênes and Greenstone, 2011) . On the other hand, these estimates may understate the damages, as individuals may adapt along the extensive margins by purchasing additional capital equipment in the long run, which they might not have done in the time frame of the data.
The paper is structured as follows. Section 2 lays a theoretical foundation to understand the aim of this literature. Section 3 reviews the literature on cross-sectional climatic evidence and panel (or time series) evidence of weather shocks. In Section 4, we discuss the gaps in the literature and where the literature may head. In particular, we examine the need to incorporate the literature on technology adoption in the estimation of the energy effects of climate adaptation. Finally, Section 5 offers concluding remarks on the state of the literature and its policy implications.
Theory
Before examining specific papers in this literature, we provide a theoretical foundation to understand why households may change energy expenditures in response to climate change.
Define the utility function for a household as follows:
where E is a vector of energy sources like electricity, oil, and natural gas. D is a vector of durable goods that affect the marginal utility of energy use like refrigerators, air conditioners, and insulation. The other variables are a composite good Y , or numéraire, and the current distribution of (outdoor) temperature F 0 (t), or simply F 0 . We could broaden the definition of F 0 to include other climate variables that would affect households' purchasing decisions.
For example, humidity may affect a household's choice of air conditioning (part of D), which has implications for its choices of energy sources and other durables.
A household will maximize utility by choosing E, D, and Y , subject to income (I), energy prices ( P E ), durables prices ( P D ), the price of the composite good (normalized to one), and its expectation of distribution of temperatures, F 0 :
where we denote the choices that maximize utility given the current climate as E * (F 0 ),
A household derives utility from E * (F 0 ) and D * (F 0 ), in part, because the household can control the interior temperature, t in . The energy needed to attain t in depends on the absolute difference between t in and the exterior temperature t, given the set of durables:
Climate change, by definition, alters the probability f (t) of experiencing temperature t on a given day. As a result, the distribution will change (gradually) from F 0 (t) to F τ (t), or
In response, a household may choose to allow the interior temperature to vary with t.
However, if it does maintain a constant interior temperature, then the change in expenditures measures the welfare effects of climate change (∆W ):
There are several caveats to consider. This measure is conditional on the household's choice of durable goods and the numéraire for the current climate F 0 :
This measures the intensive margin. While both time series and panel data are used to estimate this effect, panel data estimates can control for unobserved shocks that are common to all households at a point in time. These unobserved shocks may be correlated with temperature in the time series analysis, thus making the panel estimates preferable. We can use these estimates to measure the welfare effects from climate change (∆W panel ) as follows:
where we integrate over the probabilities of observing a given temperature in differing climates.
In contrast, papers that use cross sectional data allow all consumption choices (like over durables) to differ with climate. The welfare estimates (∆W cross ) typically are as follows:
This measures both the extensive and intensive margins. However, these studies do not account for the cost of changing durables, nor do they include the cost of the transition. In addition, these estimates are subject to the omitted variable bias concerns discussed below.
Literature
This section discusses notable papers used to measure energy expenditures from climate change. We organize the literature by the type of data used (cross section, time series, and panel), rather than by estimation method. This is because the variation in the data inform what the authors could learn regarding the intensive and extensive margins. They also differ in the type of omitted variables that may bias each approach. After reviewing the existing literature, we discuss how we view the literature moving forward. In the appendix, we discuss two other bodies of literature that could be used to predict changes in energy expenditures from climate change: one estimates electricity demand, while the other uses engineering methods. Here we focus on the direct econometric papers. 
Cross-Sectional Data
One approach to measuring the impact of climate change on energy consumption uses crosssectional variation in energy expenditures from survey data. One advantage of this approach is that one could argue that each household is in its long run equilibrium. Namely, people's expectation F (t) is consistent with the actual distribution. The second equation is of conditional demand, C if , for household i choosing fuel f :
where θ if is the predicted probability of choosing a fuel and x f is a vector of demand shifters including regional fuel price, household characteristics and climate variables.
In the first stage, Mansur et al. (2008) find that global warming will result in fuel switching in the United States: more homes will heat with electricity. Overall, they find that warmer summers result in more electricity and oil consumption, while warmer winters will result in less natural gas consumption for households. Commercial firms are expected to increase electricity consumption and decrease oil consumption as temperatures increase.
Overall, American energy expenditures will likely increase.
There are drawbacks to the cross-sectional approach. One cannot econometrically control for unobservable differences across firms and households, which may be correlated with climate variables. This is the classical omitted variables problem. The implication is that the results are potentially biased. One reason this might arise is that people do not randomly sort into different climate zones. Suppose that households with lower disutility for extreme heat sort into warmer climates. In this case, cross-sectional estimates of the elasticity of air conditioning expenditures with respect to summer temperatures would be biased towards zero if households do not always maintain a constant interior temperature. In addition,
interpreting cross-sectional results as indicative of long run equilibrium effects requires that variables, like weather and prices, in the year of the sample are equal to their respective distributional expectations for each market or geographic region. In conclusion, we are hesitant to suggest that this method be used in assessing the effects of climate change until we have a better idea of just how large the bias may be from these omitted variables.
Univariate Time-Series Data
Several papers exploit weather variation in time-series data. Franco and Sanstad (2008) explain variation in hourly electricity load in the California Independent System Operator during 2004. They regress load on a population-weighted average of daily temperature and find a nonlinear impact of average temperature on electricity load, and a linear impact of maximum temperature on peak demand.
Considine (2000) estimates monthly aggregate energy demand for various fuels and sectors. The elasticities of demand with respect to heating degree days (HDD) exceed the elasticities with respect to cooling degree days (CDD) for nearly all sectors and fuels. 3 Contrary to most other papers, he concludes that the decrease in heating needs (due to warmer temperatures) will more than offset increases in cooling.
For each of eight states, Sailor and Munoz (1997) regress monthly residential and commercial energy consumption (either electricity or natural gas) on temperature. The paper tests whether season-specific linear functions of temperature or functions of HDD and CDD better fit the data. Lam (1998) also uses time-series data for Hong Kong and finds an elasticity of annual electricity demand with respect to cooling degree days of 0.22, though prices are assumed exogenous.
There are a few general concerns with using time series data. First, they only address the short run response to changes in weather and cannot address long run adaptation. Second, aggregate data cannot control for unobserved factors also changing over time. If the income distribution or business composition change over time, data may be used as control variables.
However, unobservable factors cannot be taken into account. These omitted variables may cause bias, just like in the case of the cross sectional analysis. In contrast to that literature, time series data cannot only measure the intensive margin. We conclude that this literature is the least likely to be informative on climate damages.
Panel Data
Panel data allow the econometrician to control for differences in unobservables, both common shocks across time as well as time-invariant differences across households, firms, or counties (whatever is the unit of observation). These data could be used in a matter similar to the cross-sectional studies: use spatial variation in climate variables to estimate long run effects.
This would enable the analysis to use multiple years of data on expenditures, fuel prices, weather, and other factors changing over time for a given household. While this addresses some issues, it does not control for the potential omitted variables bias. Therefore, the analysis below includes household (or similar) fixed effects and only examines the short run effects in equation (4). This is also an improvement over the time series papers because time fixed effects can address other omitted variable biases. Therefore, the results are more likely to be consistent estimates of the coefficients on temperature.
Peirson and Henley (1994), and Peirson (1997, 1998) The energy data, measured in BTUs, are from the Energy Information Administration's State Energy Data System. The weather data, specifically the average of daily maximum 4 They find electricity demand elasticities with respect temperature of for urban residential, rural residential, and non-residential of 0.59, 0.76, and 0.06, respectively. While these estimates are for models without provincial fixed effects, the authors note that the results are similar when these were included. 
The authors find a U-shaped response function where electricity consumption is higher on very cold and hot days (see Figure 2) . They conclude that "business-as-usual" climatic predictions for 2099 will increase residential energy consumption by 11 percent. Their are two concerns with this study that were also mentioned for several other papers above. One concern with these data is that the authors only observe a household's monthly consumption, electricity price, and location at the five-digit ZIP code level. Auffhammer and Aroonruengsawat (2011, 2012b) use variation in the start dates and lengths of billing periods across households to identify the effect of temperature on electricity consumption while controlling for household (α i ), month (φ m ), and year (γ y ) fixed effects. For household i and billing period t, they estimate the following equation:
where f (X it ; β) is a flexible function of precipitation and (in some specifications) household average monthly prices. Importantly, they estimate this model separately for each climate zone (see Figure 3) . Unfortunately, these data are only for California and may not be representative of other US regions or other industrialized countries.
We conclude that using panel data is the most promising method for estimating the effect of weather on energy expenditures. The first caveat raised with temperature still remains:
the papers only address the short run response to changes in weather and cannot address long run adaptation. Nonetheless, the omitted variables issue that was raised for both the cross section and time series data is less likely to be an issue in this work.
Moving the Literature Forward
We see this literature progressing on two related fronts. On the intensive margin, economists can continue to refine the panel data estimates of how consumption and expenditures respond to weather shocks. In particular, building on Auffhammer and Aroonruengsawat (2011, 2012b), the literature could ask how these response functions differ by climate zone.
Detailed, high-frequency micro data on households' and firms' energy expenditures over large geographic areas would provide substantial variation that would allow for the greatest understanding of how people respond to weather. Furthermore, understanding the likelihood of relevant weather events in a given climate zone is important in thinking about how these estimates apply to scenarios with climatic change. On the extensive margin, there is much to be learned. In particular, economists can work to improve our understanding of how building characteristics -like air conditioning, fuel choice, and insulation and other energy-efficiency technologies -vary with climate. The only well-developed literature on the extensive margin responses looks at the adoption of air conditioners. There is a significant opening for studies looking at investments in other building characteristics. Due to this literature constraint, we now turn to describing what has been written on air conditioning adoption as we see this as a significant part of how research on climate adaptation and energy use can proceed.
Air Conditioner Adoption and the Extensive Margin
Most empirical papers on air conditioner adoption-largely due to data availability concernsestimate models based on cross sections or repeated cross sections. Data collection efforts enabling panel data methods will add a meaningful dimension to this literature. The literature examining the adoption of air conditioners in response to changes in climate is essentially non-existent. There is a much longer literature looking at empirical models of durable goods adoption as a function of incomes, fixed and variable costs. Surveying these approaches taken to better understand the impact of income and prices on adoption provides a useful overview of the methods employed in this literature nonetheless. We review the literature for the United States, Europe, and in developing countries.
Air Conditioning Adoption in the United States
In the early 1950s in the United States, air conditioners were mainly found in movie theaters, supermarkets, and other public spaces (Biddle, 2008) . Less than two percent of households owned air conditioners in 1955. By 1980, the residential penetration rate rose to 50 percent, with half of these households having installed central air conditioning units. There was significant heterogeneity in the penetration, where half of the residences in the Northeast were air-conditioned and some urban areas in Texas and Florida had penetration rates in excess of 90 percent. What is relevant to the discussion in this paper is the relative importance of weather/climate over changes in policy, population movements, income, prices or air conditioners and electricity in the adoption decision.
There was much movement in all of these confounders since the 1950s. On the policy front in 1957 "the Federal Housing Authority announced that the cost of air conditioning could be rolled into approved mortgage packages, which led to a jump in installations." Biddle (2008) also addresses the concern raised above about the importance of sorting and population and cooling degree days of the form: 
Air Conditioning Adoption in Europe
In Europe, data on air conditioner usage and adoption are scarce and the literature we could gain access to is thin as a result. Much of the literature on changing energy demand in
Europe as a consequence of climate change focuses on decreasing demand for heating instead of the increased demand for cooling. What is even more surprising was the apparent lack of publicly available data and studies at member country level. Given the predicted shifts in climate for EU member countries and the relatively high incomes, a better understanding of intra-European adoption patterns is very important to better project future electricity demand in the European Union.
The maybe most informative report is a study by the Directorate-General for Mobility northern Europe is very small, under climate change these rates can potentially grow rapidly with significant impacts on electricity consumption and the load profile. Given a shift away from nuclear power for base load in e.g. Germany, these shifts could have significant impacts on load profiles and the ability of generators to meet peak demand.
Air Conditioning Adoption in Developing Countries
McNeil and Letschert (2010) provide a model of adoption of air conditioners and appliances using cross-country data. They incorporate the fact that saturation levels are climate dependent, which is the idea raised in Sailor and Pavlova (2003) . They have collected appliance penetration levels across countries from a number of micro level surveys-most of which are in the LSMS database of the WorldBank for various years (mostly late 1990s and early 2000s).
McNeil and Letschert (2008) discuss these data in more detail. In a first step, they estimate a relationship between saturation (which they call "Climate Maximum") and cooling degree days for 39 US cities. They then use this estimated relationship to estimate a predicted saturation level based on cooling degree days for a given location. For developing country locations in their sample air conditioner saturation is assumed to approach this frontier, but never exceed it. They then model diffusion of air conditioners as a function of income, conditional on a location's Climate Maximum, which is a function of CDD. The diffusion equation for air conditioners is given by:
What is different in this equation is that Climate Maximum is the cooling degree dependent saturation level based on the cross section of US cities discussed above. For other appliances, such as refrigerators, a common value (e.g. 1 per household) is used. If the climate maximum for a given country is one and the saturation is one, penetration is therefore 100 percent. If the climate maximum is 0.1 and the saturation is 0.1, penetration is also 100 percent. Their regression is based on 24 observations. They explain 70 percent of the variation in the transformed dependent variable, which means that their model fits the cross sectional data fairly well. What is noteworthy about the estimated adoption curve is that the penetration rates are very low and clustered around zero for a number of countries. At income levels of $25,000 the adoption rates seem to rise drastically. While the modeling approach here is appealing and the data collection effort is impressive, this is essentially a cross sectional regression which cannot meaningfully control for confounding factors. Using repeated cross sections or panel data on this model would allow one to separate out unobservables via a two-way fixed or random effects strategy. What would be of great interest are studies, which project future air conditioner penetration by country by 2100 under different climate, income and price scenarios. Unfortunately our understanding of air conditioner penetration by country is very limited, which makes issuing these projections a challenging yet important task.
Conclusion
In particular, we primarily discuss empirical papers published in peer-reviewed economics journals focusing on how climate affects energy expenditures. Climate will affect energy consumption by changing how consumers respond to short run weather shocks (the intensive margin) as well has how people will adapt in the long run by changing durable goods (the extensive margins).
Along the intensive margin, we conclude that much of the existing literature has been We have not identified any paper that identify the extensive margin using panel data. As such, the implications for policy makers are muted. What we would like to be able to identify for policy makers and integrated assessment modelers is a reduced-form, long run response coefficient. It is not clear to us how this can be credibly estimated.
Finally, we recognize that there is great uncertainty about the future. If we are to learn about the extensive margin, it is important to keep in mind that these capital investments are being made in the context of a continuously changing and uncertain climate. One factor that we are uncertain over is technology. We do know, however, that changing the climate will induce technological change. Some technologies that are not economic today may become so in the future. For example, at some price even hydrogen fuel cells, which could end the positive feedback loop between climate and energy use, would become viable. These futures possibilities are not measured in the empirical literature we discussed in this paper, but are important to consider in a broader context. 
